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Analysis of Λb → Λℓ+ℓ− transition in SM4 using form factors from
Full QCD
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Using the responsible form factors calculated via full QCD, we analyze the Λb →
Λℓ+ℓ− transition in the standard model containing fourth generation quarks (SM4).
We discuss effects of the presence of t′ fourth family quark on related observables like
branching ratio, forward-backward asymmetry, baryon polarization as well as double
lepton polarization asymmetries. We also compare our results with those obtained
in the SM as well as with predictions of the SM4 but using form factors calculated
within heavy quark effective theory. The obtained results on branching ratio indicate
that the Λb → Λℓ+ℓ− transition is more probable in full QCD comparing to the heavy
quark effective theory. It is also shown that the results on all considered observables
in SM4 deviate considerably from the SM predictions when mt′ ≥ 400 GeV .
PACS numbers: 12.60-i, 13.30.-a, 13.30.Ce, 14.20.Mr
2I. INTRODUCTION
The standard model (SM) has been the pillar of particle physics for many years. How-
ever, there are some unsolved problems such as the origin of mass, the strong CP problem,
neutrino oscillations, origins of dark matter and dark energy, number of generations, matter-
antimatter asymmetry, quantum gravity, unification and so on which can not be explained
by the SM. To cure such deficiencies, there exist various extensions of the standard model
through supersymmetry, SM with fourth generation, etc. or entirely novel explanations,
such as string theory, M-theory and extra dimensions.
The new theories beyond the SM need to be confirmed in the experiments. Hence,
calculation of many parameters related to the decays of hadrons via new theories such as
SM4 are important as they could be studied at particle colliders. It is expected that the
LHC will provide possibility to study properties of hadrons as well as their electromagnetic,
weak and strong decays. Among these decays, the weak decays of hadrons can play a crucial
role in searching for physics beyond the SM. The loop level semileptonic weak transitions
of the heavy baryons containing single heavy quark to light baryons induced by the flavor
changing neutral currents (FCNC) are useful tools in this respect. In this connection, we
analyze the Λb → Λℓ+ℓ− transition in SM4 by calculating various related parameters like
branching ratio, forward-backward asymmetry, baryon polarization as well as double lepton
polarization asymmetries. Here, we use all involved twelve form factors recently calculated
in full QCD [1]. This work is an extension of the previous works [2–4] where the two form
factors calculated within heavy quark effective theory (HQET) are used.
In the SM, the Λb → Λℓ+ℓ− channel proceeds via FCNC transition of b → sℓ+ℓ− at
quark level. The latter is described via a low energy effective Hamiltonian containing Wil-
son coefficients. In SM4, the form of Hamiltonian does not change but due to additional
interactions of the fourth family quark t′ with other particles the Wilson coefficients are
modified. Hence,
Ceff,tot7 (mt′ , rsb, φsb) = C
eff,SM
7 +
λt′(rsb, φsb)
λt
Ceff,new7 (mt′) ,
Ceff,tot9 (mt′ , rsb, φsb) = C
eff,SM
9 +
λt′(rsb, φsb)
λt
Ceff,new9 (mt′) ,
Ctot10 (mt′ , rsb, φsb) = C
SM
10 +
λt′(rsb, φsb)
λt
Cnew10 (mt′) , (1)
where
λt = VtbV
∗
ts and λt′(rsb, φsb) = Vt′bV
∗
t′s = rsbe
iφsb . (2)
Here, Vtb, Vts are elements of Cabibbo-Kobayashi-Maskawa (CKM) matrix in the SM and
Vt′b, Vt′s are elements of the CKM matrix in the SM4. In the above relations, (mt′ , rsb, φsb
3) is a set of fourth generation parameters which we are going to discuss the sensitivity of
physical observables to them. The new Wilson coefficients, Ceff,new7 (mt′), C
eff,new
9 (mt′) and
Cnew10 (mt′) in Eqs. (1) are obtained by replacing the mass of top quark by its SM4 version (
mt → mt′) [5, 6].
It is expected that the masses of the fourth generation quarks are in the interval (400-600)
GeV [7]. As the mass difference between these two quarks is small, we will refer to both
members of the fourth family by t′. For the recent status of the SM4 quarks see for instance
[8–10] and references therein.
The outline of the paper is as follows. In next section, we present the effective Hamilto-
nian and transition matrix elements describing the decay under consideration. In section III,
we present the explicit expressions for physical observables such as differential decay rate,
forward backward asymmetry, baryon polarization and double lepton polarization asymme-
tries. This section also encompass our numerical analysis on the physical quantities under
study as well as our discussions. Finally, we will have a concluding section.
II. THE Λb → Λℓ+ℓ− TRANSITION
A. The Effective Hamiltonian
The quark structures of the initial and final baryons in Λb → Λℓ+ℓ− indicate that this
channel proceeds via FCNC transition of b→ sℓ+ℓ−, whose effective Hamiltonian in the SM
is written as
Heff = GFαemVtbV
∗
ts
2
√
2π
[
Ceff9 s¯γµ(1− γ5)b ℓ¯γµℓ+ C10s¯γµ(1− γ5)b ℓ¯γµγ5ℓ
− 2mbCeff7
1
q2
s¯iσµνq
ν(1 + γ5)b ℓ¯γ
µℓ
]
, (3)
where GF is the Fermi constant, αem is the fine structure constant at Z mass scale, and
as we previously mentioned the Ceff7 , C
eff
9 and C10 are the Wilson coefficients representing
different interactions. In the following, we present the explicit expressions of the Wilson
coefficients in the SM. To get their expressions in SM4, it is enough to apply Eq. (1).
The Ceff7 is given as [5, 11, 12]
Ceff7 = η
16
23C7(µW ) +
8
3
(
η
14
23 − η 1623
)
C8(µW ) + C2(µW )
8∑
i=1
hiη
ai ,
(4)
where
η =
αs(µW )
αs(µb)
, and αs(x) =
αs(mZ)
1− β0 αs(mZ )2π ln(mZx )
, (5)
4with αs(mZ) = 0.118 and β0 =
23
3
. The coefficients ai and hi are given as [5, 12]:
ai = (
14
23
, 16
23
, 6
23
, −12
23
, 0.4086, −0.4230, −0.8994, 0.1456 ),
hi = ( 2.2996, −1.0880, −37 , − 114 , −0.6494, −0.0380, −0.0186, −0.0057 ).
(6)
The functions C2(µW ), C7(µW ) and C8(µW ) inside the C
eff
7 are given as:
C2(µW ) = 1, C7(µW ) = −1
2
D0(xt) , C8(µW ) = −1
2
E0(xt) (7)
where xt =
m2
t
m2
W
and
D0(xt) = −(8x
3
t + 5x
2
t − 7xt)
12(1− x3t )
+
x2t (2− 3xt)
2(1− xt)4 ln xt , (8)
E0(xt) = −xt(x
2
t − 5xt − 2)
4(1− x3t )
+
3x2t
2(1− xt)4 ln xt . (9)
The Wilson coefficient C10 is given by
C10 = − Y (xt)
sin2 θW
(10)
where sin2 θW = 0.23 and
Y (xt) =
xt
8
[
xt − 4
xt − 1 +
3xt
(xt − 1)2 ln xt
]
. (11)
In leading log approximation, the Wilson coefficient Ceff9 (s
′) entering the effective Hamil-
tonian of the channel under consideration can be written as [5, 12]:
Ceff9 (sˆ
′) = C9η(sˆ
′) + h(z, sˆ′) (3C1 + C2 + 3C3 + C4 + 3C5 + C6)
−1
2
h(1, sˆ′) (4C3 + 4C4 + 3C5 + C6)
−1
2
h(0, sˆ′) (C3 + 3C4) +
2
9
(3C3 + C4 + 3C5 + C6) (12)
where
η(sˆ′) = 1 +
αs(µb)
π
ω(sˆ′), (13)
ω(sˆ′) = −2
9
π2 − 4
3
Li2(sˆ
′)− 2
3
ln sˆ′ ln(1− sˆ′)− 5 + 4sˆ
′
3(1 + 2sˆ′)
ln(1− sˆ′)−
2sˆ′(1 + sˆ′)(1− 2sˆ′)
3(1− sˆ′)2(1 + 2sˆ′) ln sˆ
′ +
5 + 9sˆ′ − 6sˆ′2
6(1− sˆ′)(1 + 2sˆ′) , (14)
with sˆ′ = q
2
m2
b
. The allowed region for the transferred momentum square, q2 is 4m2l ≤ q2 ≤
(mΛb −mΛ)2. The C9 is given as
C9 = P
NDR
0 +
Y (xt)
sin2 θW
− 4Z(xt), (15)
5where PNDR0 = 2.60± 0.25 [5, 12] in the naive dimensional regularization scheme.
The function, Z(xt) is defined as:
Z(xt) =
18(xt)
4 − 163x3t + 259x2t − 108xt
144(xt − 1)3
[
32(xt)
4 − 38x3t − 15x2t + 18xt
72(xt − 1)4 −
1
9
]
ln xt.
(16)
The remaining coefficients in Eq. (12) is defined as:
Cj =
8∑
i=1
kjiη
ai (j = 1, ...6) (17)
where kji are given as:
k1i = ( 0, 0,
1
2
, −1
2
, 0, 0, 0, 0 ),
k2i = ( 0, 0,
1
2
, 1
2
, 0, 0, 0, 0 ),
k3i = ( 0, 0, − 114 , 16 , 0.0510, −0.1403, −0.0113, 0.0054 ),
k4i = ( 0, 0, − 114 , −16 , 0.0984, 0.1214, 0.0156, 0.0026 ),
k5i = ( 0, 0, 0, 0, −0.0397, 0.0117, −0.0025, 0.0304 ),
k6i = ( 0, 0, 0, 0, 0.0335, 0.0239, −0.0462, −0.0112 ).
(18)
Finally, the h(y, sˆ′) function has the following explicit expression:
h(y, sˆ′) = −8
9
ln
mb
µb
− 8
9
ln y +
8
27
+
4
9
x (19)
−2
9
(2 + x)|1− x|1/2


(
ln
∣∣∣√1−x+1√
1−x−1
∣∣∣− iπ) , for x ≡ 4z2
sˆ′
< 1
2 arctan 1√
x−1 , for x ≡ 4z
2
sˆ′
> 1,
(20)
where y = 1 or y = z = mc
mb
and,
h(0, sˆ′) =
8
27
− 8
9
ln
mb
µb
− 4
9
ln sˆ′ +
4
9
iπ. (21)
B. Transition Matrix Elements and Form Factors
The transition matrix elements for Λb → Λℓ+ℓ− are obtained by sandwiching the effec-
tive Hamiltonian between the initial and final baryonic states. These matrix elements are
parametrized in terms of twelve form factors in full QCD in the following way:
〈Λ(p) | s¯γµ(1− γ5)b | Λb(p+ q)〉 = u¯Λ(p)
[
γµf1(q
2) + iσµνq
νf2(q
2) + qµf3(q
2)
−γµγ5g1(q2)− iσµνγ5qνg2(q2)− qµγ5g3(q2)
]
uΛb(p+ q) ,
(22)
6〈Λ(p) | s¯iσµνqν(1 + γ5)b | Λb(p+ q)〉 = u¯Λ(p)
[
γµf
T
1 (q
2) + iσµνq
νfT2 (q
2) + qµfT3 (q
2)
+γµγ5g
T
1 (q
2) + iσµνγ5q
νgT2 (q
2) + qµγ5g
T
3 (q
2)
]
uΛb(p+ q) ,
(23)
where f1, f2, f3, g1, g2, g3, f
T
1 , f
T
2 , f
T
3 , g
T
1 , g
T
2 and g
T
3 are transition form factors in full
theory. These form factors have been recently calculated in [1] in the framework of light
cone QCD sum rules.
In the HQET, the twelve form factors in full QCD reduce to two form factors, F1 and
F2, hence the transition matrix element in this limit is defined as [13, 14]:
〈Λ(p) | s¯Γb | Λb(p+ q)〉 = u¯Λ(p)[F1(q2)+ 6vF2(q2)]ΓuΛb(p+ q), (24)
where Γ denotes any Dirac matrices and 6v = ( 6p+ 6q)/mΛb . These form factor are calculated
in [15]. Comparing the definitions of the transition matrix elements both in full QCD and
HQET theories, one can easily find the following relations among the above mentioned form
factors:
f1 = g1 = f
T
2 = g
T
2 = F1 +
mΛ
mΛb
F2 ,
f2 = g2 = f3 = g3 =
F2
mΛb
,
fT1 = g
T
1 =
F2
mΛb
q2 ,
fT3 = −
F2
mΛb
(mΛb −mΛ) ,
gT3 =
F2
mΛb
(mΛb +mΛ) . (25)
III. PHYSICAL OBSERVABLES CHARACTERIZING THE Λb → Λℓ+ℓ−
TRANSITION
A. Branching Ratio
Using the decay amplitude and transition matrix elements in terms of form factors, the
differential decay rate is obtained as a function of SM4 parameters as [16–18]:
dΓ
dsˆdz
(z, sˆ,mt′ , rsb, φsb) =
G2Fα
2
emmΛb
16382π5
|VtbV ∗ts|2v
√
λ
[
T0(sˆ,mt′ , rsb, φsb)
+T1(sˆ,mt′ , rsb, φsb)z + T2(sˆ,mt′ , rsb, φsb)z2
]
,
7where z = cos θ with θ being the angle between the momenta of Λb and ℓ
− in the center of mass
of leptons, λ = λ(1, r, sˆ) = 1 + r2 + sˆ2 − 2r − 2sˆ − 2rsˆ, r = m2Λ/m2Λb and v =
√
1− 4m2ℓq2 . Here,
sˆ = q
2
m2
Λb
and we have the relation, sˆ′ =
sˆm2
Λb
m2
b
between the sˆ and previously used sˆ′. The functions,
T0(sˆ,mt′ , rsb, φsb), T1(sˆ,mt′ , rsb, φsb) and T2(sˆ,mt′ , rsb, φsb) are given as ( see also [1]):
T0(sˆ,mt′ , rsb, φsb) = 32m2ℓm4Λb sˆ(1 + r − sˆ)
(
|D3|2 + |E3|2
)
+64m2ℓm
3
Λb
(1− r − sˆ)Re[D∗1E3 +D3E∗1 ]
+64m2Λb
√
r(6m2ℓ −m2Λb sˆ)Re[D∗1E1]
+64m2ℓm
3
Λb
√
r
(
2mΛb sˆRe[D
∗
3E3] + (1− r + sˆ)Re[D∗1D3 +E∗1E3]
)
+32m2Λb(2m
2
ℓ +m
2
Λb
sˆ)
{
(1− r + sˆ)mΛb
√
rRe[A∗1A2 +B
∗
1B2]
−mΛb(1− r − sˆ)Re[A∗1B2 +A∗2B1]− 2
√
r
(
Re[A∗1B1] +m
2
Λb
sˆRe[A∗2B2]
)}
+8m2Λb
{
4m2ℓ (1 + r − sˆ) +m2Λb
[
(1− r)2 − sˆ2
]} (
|A1|2 + |B1|2
)
+8m4Λb
{
4m2ℓ
[
λ+ (1 + r − sˆ)sˆ
]
+m2Λb sˆ
[
(1− r)2 − sˆ2
]} (
|A2|2 + |B2|2
)
−8m2Λb
{
4m2ℓ (1 + r − sˆ)−m2Λb
[
(1− r)2 − sˆ2
]} (
|D1|2 + |E1|2
)
+8m5Λb sˆv
2
{
− 8mΛb sˆ
√
rRe[D∗2E2] + 4(1− r + sˆ)
√
rRe[D∗1D2 + E
∗
1E2]
−4(1− r − sˆ)Re[D∗1E2 +D∗2E1] +mΛb
[
(1− r)2 − sˆ2
] (
|D2|2 + |E2|2
)}
,
(27)
T1(sˆ,mt′ , rsb, φsb) = −16m4Λb sˆv
√
λ
{
2Re(A∗1D1)− 2Re(B∗1E1)
+ 2mΛbRe(B
∗
1D2 −B∗2D1 +A∗2E1 −A∗1E2)
}
+ 32m5Λb sˆ v
√
λ
{
mΛb(1− r)Re(A∗2D2 −B∗2E2)
+
√
rRe(A∗2D1 +A
∗
1D2 −B∗2E1 −B∗1E2)
}
, (28)
T2(sˆ,mt′ , rsb, φsb) = −8m4Λbv2λ
(
|A1|2 + |B1|2 + |D1|2 + |E1|2
)
+8m6Λb sˆv
2λ
(
|A2|2 + |B2|2 + |D2|2 + |E2|2
)
, (29)
where,
A1 = A1(sˆ,mt′ , rsb, φsb)
=
1
sˆm2Λb
(
fT1 (sˆ) + g
T
1 (sˆ)
) (
−2mbCeff7 (sˆ,mt′ , rsb, φsb)
)
+
(
f1(sˆ)− g1(sˆ)
)
Ceff9 (sˆ,mt′ , rsb, φsb)
A2 = A1 (1→ 2) ,
A3 = A1 (1→ 3) ,
B1 = A1
(
g1(sˆ)→ −g1(sˆ); gT1 (sˆ)→ −gT1 (sˆ)
)
,
B2 = B1 (1→ 2) ,
8B3 = B1 (1→ 3) ,
D1 =
(
f1(sˆ)− g1(sˆ)
)
C10(sˆ,mt′ , rsb, φsb) ,
D2 = D1 (1→ 2) ,
D3 = D1 (1→ 3) ,
E1 = D1
(
g1(sˆ)→ −g1(sˆ)
)
,
E2 = E1 (1→ 2) ,
E3 = E1 (1→ 3) . (30)
Integrating the aforementioned angular dependent differential decay rate over z, we get the sˆ and
SM4 parameters dependent differential decay width as
dΓ(sˆ,mt′ , rsb, φsb)
dsˆ
=
G2Fα
2
emmΛb
8192π5
|VtbV ∗ts|2v
√
λ∆(sˆ,mt′ , rsb, φsb) , (31)
where,
∆(sˆ,mt′ , rsb, φsb) = T0(sˆ,mt′ , rsb, φsb) + 1
3
T2(sˆ,mt′ , rsb, φsb). (32)
Performing integration over sˆ in the kinematical region
4m2
ℓ
m2
Λb
≤ sˆ ≤ (1 − √r)2, the total decay
width is obtained. Finally, using the lifetime of the Λb baryon, we obtain the branching ratio
depending on SM4 parameters.
In further numerical analysis, we take the values, mt = 167 GeV , mW = 80.4 GeV , mb =
4.8 GeV , mc = 1.35 GeV , µb = 5 GeV , µW = 80.4 GeV , me = 0.00051, mτ = 1.778, mµ =
0.105 GeV , |VtbV ∗ts| = 0.041, GF = 1.166 × 10−5 GeV −2, αem = 1129 , τΛb = 1.383 × 10−12 s,
mΛ = 1.116 GeV and mΛb = 5.624 GeV . The present SM measurements and unitarity condition
of the CKM matrix imply that [19–22]
rsb = |Vt′bV ∗t′s| ≤ 1.5× 10−2. (33)
In our numerical calculations, we will consider the three different values rsb = |Vt′bV ∗t′s| =
0.005, 0.010 and 0.015. As we previously mentioned, the masses of the fourth generation quarks
are expected to be in the interval (400-600) GeV. In the present work, we will plot our figures
considering the mt′ in the interval (175-600) GeV to see better at which points the SM4 results
start to deviate from the usual SM predictions. The φsb is taken as φsb =
π
2 [23] (see also [24]).
The dependence of the branching ratio of the channel under consideration for the µ and τ
leptons on mt′ at three fixed values of the rsb as well as the SM are presented in figures 1 and 2. In
these figures, the left graph corresponds to the HQET while the graph on the right refers to the full
QCD. We take into account the errors of the form factors in our analysis, hence we have a bound
for each SM and SM4 with three different values of the rsb obtained from adding (subtracting) of
the uncertainties to (from) the central values.
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FIG. 1. The dependence of branching ratio for the Λb → Λµ+µ− decay on mt′ . The red band
corresponds to the SM, while the blue, green and yellow bands belong to the SM4 for rsb =
0.005, 0.01 and 0.015, respectively. The left graph corresponds to the HQET while the graph on
the right refers to the full QCD.
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FIG. 2. The same as FIG. 1 but for τ .
From these figures, we see that
• in all cases, the branching ratios in SM4 grow increasing the fourth generation quark mass.
The deviation of the SM4 results from those of the SM becomes important at mt′ ≃ 400 GeV
and our results favor mt′ ≥ 400 GeV . This is in good consistency with the results of [7] in
explanation of the observed CP asymmetries in the B and Bs decays.
• Increasing in the rsb leads to an increase in the value of the branching ratio in all cases. The
maximum deviation of the SM4 results from those of the SM belong to the rsb = 0.015 at any
fixed values of the mt′ in the interval 400 GeV ≤ mt′ ≤ 600 GeV . As far as the branching
ratio is concerned, the difference between the SM and SM4 results with rsb = 0.005 is
considerable in HQET approximation but the uncertainties of the form factors approximately
kill this difference in full theory. For rsb ∈ [0.1− 0.15] the deviation of the SM4 results from
those of the SM cannot be killed by the errors of the form factors in both HQET and Full
10
theories. Such considerable discrepancy can be considered as an indication for existing the
fourth generation of the quarks.
• As it is expected, the branching ratios in τ channel are small compared to the µ channel.
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FIG. 3. Comparison of the branching ratio for the Λb → Λl+l− decay in full QCD and HQET.
The blue and yellow bands respectively correspond to the SM and SM4 (rsb = 0.015) in full QCD,
while the red and green bands respectively refer to the SM and SM4 (rsb = 0.015) in HQET.
We also compare the full QCD and HQET results of the branching ratios obtained from the
SM and SM4 with only rsb = 0.015 together in figure 3 for both leptons. Looking at this figure,
we deduce that
• the full QCD results on branching ratios sweep large areas compared to those of the HQET.
As far as the branching ratios are considered, the SM and SM4 with rsb = 0.015 bands
obtained from the HQET lie inside the bands of the full QCD in µ channel but we see
considerable discrepancy between predictions of these theories in the τ channel.
B. Forward-backward asymmetry
The forward-backward asymmetry refers to the difference between the number of particles that
move on the forward and those move on the backward direction. It is one of the promising tools
in looking for new physics beyond the SM. The SM4 parameters dependent forward-backward
asymmetry is defined as:
AFB(sˆ,mt′ , rsb, φsb) =
∫ 1
0
dΓ
dsˆdz
(z, sˆ,mt′ , rsb, φsb) dz −
∫ 0
−1
dΓ
dsˆdz
(z, sˆ,mt′ , rsb, φsb) dz∫ 1
0
dΓ
dsˆdz
(z, sˆ,mt′ , rsb, φsb) dz +
∫ 0
−1
dΓ
dsˆdz
(z, sˆ,mt′ , rsb, φsb) dz
. (34)
Using the sˆ, z and fourth family parameters dependent differential decay rate we plot the AFB in
terms of mt′ at sˆ = 0.5 and at three fixed values of the rsb and the SM in figures 4 and 5.
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FIG. 4. The dependence of forward-backward asymmetry for the Λb → Λµ+µ− decay on mt′ at
sˆ = 0.5. The red band corresponds to the SM, while the blue, green and yellow bands belong to
the SM4 for rsb = 0.005, 0.01 and 0.015, respectively. The left graph corresponds to the HQET
while the graph on the right refers to the full QCD.
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FIG. 5. The same as FIG. 4 but for τ .
From these figures, it is clear that,
• our analysis on the forward-backward asymmetry also seems to favor mt′ ≥ 400 GeV .
• There is considerable HQET violations in both lepton channels. The difference between the
predictions of the full theory and HQET is large in µ channel compared to that of the τ .
• There are considerable discrepancies between the SM4 and the SM results at high mt′ values
in HQET theory for both leptons. However, the uncertainties of the form factors in full
theory suppress these differences such that the results of SM4 for all values of the rsb and
mt′ lie inside the SM bands.
12
C. Baryon Polarizations
The definitions for the normal (PN ), longitudinal (PL) and transversal (PT ) polarizations of the
Λ baryon in the massive lepton case, are given in [25]. Using those definitions, the general model
independent expressions for the above polarizations are calculated in [26, 27]). In the case of SM4,
those expressions reduce to the following explicit forms:
PN (sˆ,mt′ , rsb, φsb)=
8πm3Λbv
√
sˆ
∆(sˆ,mt′ , rsb, φsb)
{
− 2mΛb(1− r + sˆ)
√
rRe[A∗1D1 +B
∗
1E1]
+mΛb(1−
√
r)[(1 +
√
r)2 − sˆ]
(
mℓRe[(A2 −B2)∗F1]
)
+mℓ[(1 +
√
r)2 − sˆ] Re[A∗1F1]
+4m2Λb sˆ
√
rRe[A∗1E2 +A
∗
2E1 +B
∗
1D2 +B
∗
2D1]
−2m3Λb sˆ
√
r(1− r + sˆ)Re[A∗2D2 +B∗2E∗2 ]
+2mΛb(1− r − sˆ)
(
Re[A∗1E1 +B
∗
1D1] +m
2
Λb
sˆRe[A∗2E2 +B
∗
2D2]
)
−m2Λb [(1− r)2 − sˆ2] Re[A∗1D2 +A∗2D1 +B∗1E2 +B∗2E1]
−mℓ[(1 +
√
r)2 − sˆ] Re[B∗1F1]
}
, (35)
PL(sˆ,mt′ , rsb, φsb)=
16m2Λb
√
λ
∆(sˆ,mt′ , rsb, φsb)
{
8m2ℓmΛb
(
Re[D∗1E3 −D∗3E1] +
√
rRe[D∗1D3 − E∗1E3)]
)
+2mℓmΛb (1 +
√
r)Re[(D1 − E1)∗F2]
−2mℓm2Λb sˆ
{
Re[(D3 − E3)∗F2] + 2mℓ(|D3|2 − |E3|2)
}
−4mΛb(2m2ℓ +m2Λb sˆ)Re[A∗1B2 −A∗2B1]
− 4
3
m3Λb sˆv
2
(
3Re[D∗1E2 −D∗2E1] +
√
rRe[D∗1D2 − E∗1E2]
)
− 4
3
mΛb
√
r(6m2ℓ +m
2
Λb
sˆv2)Re[A∗1A2 −B∗1B2]
+
1
3
{
3[4m2ℓ +m
2
Λb
(1− r + sˆ)](|A1|2 − |B1|2)− 3[4m2ℓ −m2Λb(1− r + sˆ)]
×(|D1|2 − |E1|2)−m2Λb(1− r − sˆ)v2(|A1|2 − |B1|2 + |D1|2 − |E1|2)
}
− 1
3
m2Λb{12m2ℓ (1− r) +m2Λb sˆ[3(1 − r + sˆ) + v2(1− r − sˆ)]}(|A2|2 − |B2|2)
− 2
3
m4Λb sˆ(2− 2r + sˆ)v2 (|D2|2 − |E2|2)
}
, (36)
PT (sˆ,mt′, rsb, φsb) = −
8πm3Λbv
√
sˆλ
∆(sˆ,mt′, rsb, φsb)
{
mℓ
(
Im[(A1 +B1)
∗F1]
)
−mℓmΛb
[
(1 +
√
r) Im[(A2 +B2)
∗F1]
]
13
+m2Λb(1− r + sˆ)
(
Im[A∗2D1 −A∗1D2]− Im[B∗2E1 −B∗1E2]
)
+2mΛb
(
Im[A∗1E1 −B∗1D1]−m2Λb sˆ Im[A∗2E2 −B∗2D2]
)}
, (37)
The dependence of the PL, PN and PT polarizations of the Λ baryon on t
′ quark mass at sˆ = 0.5
and at three fixed values of the rsb and SM are shown in figures 6-11.
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FIG. 6. The dependence of normal baryon polarization for the Λb → Λµ+µ− decay on mt′ at
sˆ = 0.5. The red band corresponds to the SM, while the blue, green and yellow bands belong to
the SM4 for rsb = 0.005, 0.01 and 0.015, respectively. The left graph corresponds to the HQET
while the graph on the right refers to the full QCD.
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FIG. 7. The same as FIG. 6 but for τ .
A quick glance in the figures 6-11 leads to the following conclusions:
• The baryon polarizations also overall favor the mt′ ≃ 400 GeV for the lower limit of the
fourth family quark.
• Our numerical analysis show that as far as the central values of the form factors are consid-
ered, there are considerable differences between the full theory predictions on the PN and
PT and the HQET results for both lepton channels. This difference is small for the PL and
14
200 300 400 500 600
-0.8
-0.6
-0.4
-0.2
mt ¢ @GeVD
P L
HL
b®
L
Μ
+
Μ
-
L
200 300 400 500 600
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
mt ¢ @GeVD
P L
HL
b®
L
Μ
+
Μ
-
L
FIG. 8. The same as FIG. 5 but for longitudinal baryon polarization.
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FIG. 9. The same as FIG. 8 but for τ .
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FIG. 10. The same as FIG. 5 but for transverse baryon polarization.
µ channel and is approximately zero for the longitudinal polarization and τ channel. When
we consider the uncertainties of the form factors we detect sizable differences in both values
and behavior of the baryon polarizations with respect to the mt′ for all cases.
• Except the full QCD predictions on the PN for both leptons and the PT for the τ channel,
the difference between the predictions of SM and SM4 grows with increasing the fourth
generation quark mass. This difference also increases with increasing the value of the rsb. In
15
200 300 400 500 600
0.4
0.5
0.6
0.7
0.8
mt ¢ @GeVD
P T
HL
b®
L
Τ
+
Τ
-
L
200 300 400 500 600
0.0
0.2
0.4
0.6
0.8
mt ¢ @GeVD
P T
HL
b®
L
Τ
+
Τ
-
L
FIG. 11. The same as FIG. 10 but for τ .
the PN for both leptons and the PT for the τ channel, the uncertainties of the form factors
lead to a very small difference between two model predictions.
• When we consider only the central values of the form factors, the |PN | in µ channel is larger
than that of τ at any values of the fourth generation parameters. The situation is inverse in
the case of |PT |. The |PL| is approximately the same for both lepton channels.
D. Double Lepton Polarization Asymmetries
For the general model independent form of the effective Hamiltonian, the double lepton po-
larization asymmetries characterizing the considered decay channel are calculated in [28]. In the
case of SM4, they reduce to the following explicit expressions in the rest frame of the l± (see also
[29, 30]):
PLN (sˆ,mt′ , rsb, φsb)=
16πm4Λbmˆℓ
√
λ
∆(sˆ,mt′ , rsb, φsb)
√
sˆ
Im
{
(1− r)(A∗1D1 +B∗1E1) +mΛb sˆ(A∗1E3 −A∗2E1
+B∗1D3 −B∗2D1) +mΛb
√
rsˆ(A∗1D3 +A
∗
2D1 +B
∗
1E3 +B
∗
2E1)−m2Λb sˆ2
(
B∗2E3 +A
∗
2D3
)}
, (38)
PLT (sˆ,mt′ , rsb, φsb)=
16πm4Λbmˆℓ
√
λv
∆(sˆ,mt′ , rsb, φsb)
√
sˆ
Re
{
(1− r)
(
|D1|2 + |E1|2
)
− sˆ
(
A1D
∗
1 −B1E∗1
)
−mΛb sˆ
[
B1D
∗
2 + (A2 +D2 −D3)E∗1 −A1E∗2 − (B2 − E2 + E3)D∗1
]
+mΛb
√
rsˆ
[
A1D
∗
2 + (A2 +D2 +D3)D
∗
1 −B1E∗2 − (B2 − E2 −E3)E∗1
]
+m2Λb sˆ(1− r)(A2D∗2 −B2E∗2)−m2Λb sˆ2(D2D∗3 +E2E∗3)
}
, (39)
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PNT (sˆ,mt′ , rsb, φsb)=
64m4Λbλv
3∆(sˆ,mt′ , rsb, φsb)
Im
{
(A1D
∗
1 +B1E
∗
1) +m
2
Λb
sˆ(A∗2D2 +B
∗
2E2)
}
, (40)
PNN (sˆ,mt′ , rsb, φsb)=
32m4Λb
3sˆ∆(sˆ,mt′ , rsb, φsb)
Re
{
24mˆ2ℓ
√
rsˆ(A1B
∗
1 +D1E
∗
1)
−12mΛbmˆ2ℓ
√
rsˆ(1 − r + sˆ)(A1A∗2 +B1B∗2)
+6mΛbmˆ
2
ℓ sˆ
[
mΛb sˆ(1 + r − sˆ)
(
|D3|2 + |E3|2
)
+ 2
√
r(1− r + sˆ)(D1D∗3 + E1E∗3)
]
+12mΛbmˆ
2
ℓ sˆ(1− r − sˆ)(A1B∗2 +A2B∗1 +D1E∗3 +D3E∗1)
− [λsˆ+ 2mˆ2ℓ (1 + r2 − 2r + rsˆ+ sˆ− 2sˆ2)]
(
|A1|2 + |B1|2 − |D1|2 − |E1|2
)
+24m2Λbmˆ
2
ℓ
√
rsˆ2(A2B
∗
2 +D3E
∗
3)−m2Λbλsˆ2v2
(
|D2|2 + |E2|2
)
+m2Λb sˆ{λsˆ− 2mˆ2ℓ [2(1 + r2)− sˆ(1 + sˆ)− r(4 + sˆ)]}
(
|A2|2 + |B2|2
)}
, (41)
PTT (sˆ,mt′ , rsb, φsb)=
32m4Λb
3sˆ∆(sˆ,mt′ , rsb, φsb)
Re
{
− 24mˆ2ℓ
√
rsˆ(A1B
∗
1 +D1E
∗
1)
−12mΛbmˆ2ℓ
√
rsˆ(1− r + sˆ)(D1D∗3 + E1E∗3)− 24m2Λbmˆ2ℓ
√
rsˆ2(A2B
∗
2 +D3E
∗
3)
−6mΛbmˆ2ℓ sˆ
[
mΛb sˆ(1 + r − sˆ)
(
|D3|2 + |E3|2
)
− 2√r(1− r + sˆ)(A1A∗2 +B1B∗2)
]
−12mΛbmˆ2ℓ sˆ(1− r − sˆ)(A1B∗2 +A2B∗1 +D1E∗3 +D3E∗1)
− [λsˆ− 2mˆ2ℓ(1 + r2 − 2r + rsˆ+ sˆ− 2sˆ2)]
(
|A1|2 + |B1|2
)
+m2Λb sˆ{λsˆ+ mˆ2ℓ [4(1 − r)2 − 2sˆ(1 + r)− 2sˆ2]}
(
|A2|2 + |B2|2
)
+{λsˆ− 2mˆ2ℓ [5(1− r)2 − 7sˆ(1 + r) + 2sˆ2]}
(
|D1|2 + |E1|2
)
−m2Λbλsˆ2v2
(
|D2|2 + |E2|2
)}
, (42)
PLL(sˆ,mt′ , rsb, φsb)=
16m4Λb
3∆(sˆ,mt′ , rsb, φsb)
Re
{
−6mΛb
√
r(1− r + sˆ)
[
sˆ(1 + v2)(A1A
∗
2 +B1B
∗
2)− 4mˆ2ℓ(D1D∗3 + E1E∗3)
]
+6mΛb(1 − r − sˆ)
[
sˆ(1 + v2)(A1B
∗
2 +A2B
∗
1) + 4mˆ
2
ℓ (D1E
∗
3 +D3E
∗
1)
]
+12
√
rsˆ(1 + v2)
(
A1B
∗
1 +D1E
∗
1 +m
2
Λb
sˆA2B
∗
2
)
+12m2Λbmˆ
2
ℓ sˆ(1 + r − sˆ)
(
|D3|2 + |E∗3 |2
)
−(1 + v2)
[
1 + r2 − r(2− sˆ) + sˆ(1− 2sˆ)
](
|A1|2 + |B1|2
)
−
[
(5v2 − 3)(1− r)2 + 4mˆ2ℓ(1 + r) + 2sˆ(1 + 8mˆ2ℓ + r)− 4sˆ2
](
|D1|2 + |E1|2
)
17
−m2Λb(1 + v2)sˆ
[
2 + 2r2 − sˆ(1 + sˆ)− r(4 + sˆ)
]
( |A2|2 + |B2|2
)
−2m2Λb sˆv2
[
2(1 + r2)− sˆ(1 + sˆ)− r(4 + sˆ)
](
|D2|2 + |E2|2
)
+12mΛb sˆ(1− r − sˆ)v2
(
D1E
∗
2 +D2E
∗
1
)
−12mΛb
√
rsˆ(1− r + sˆ)v2
(
D1D
∗
2 + E1E
∗
2
)
+24m2Λb
√
rsˆ
(
sˆv2D2E
∗
2 + 2mˆ
2
ℓD3E
∗
3
)}
, (43)
where mˆl =
ml
mΛb
. Some of the double lepton polarization asymmetries as a function of the mt′ at
sˆ = 0.5 and at three fixed values of the rsb and the SM are shown in figures 12-21.
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FIG. 12. The dependence of double lepton polarization asymmetry PLN for the Λb → Λµ+µ−
decay on mt′ at sˆ = 0.5. The red band corresponds to the SM, while the blue, green and yellow
bands belong to the SM4 for rsb = 0.005, 0.01 and 0.015, respectively. The left graph corresponds
to the HQET while the graph on the right refers to the full QCD.
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FIG. 13. The same as FIG. 12 but for τ .
From the analysis of the figures 12-21, we conclude the following items:
• When we consider only the central values of the form factors, our numerical results show
that there are sizable differences between the full QCD and HQET results (HQET violation)
in the PTT and PNN polarizations for τ channel and at fixed values of the fourth generation
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FIG. 14. The same as FIG. 12 but for PLT .
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FIG. 15. The same as FIG. 14 but for τ .
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FIG. 16. The same as FIG. 12 but for PNT .
parameters. The results of two models on PLT , PLN and PNT for both leptons as well as the
PNN and PTT for the µ channel deviate slightly from each other. When the uncertainties of
the form factors are considered, we detect considerable differences between full QCD and the
HQET models predictions on behavior of all double lepton polarization asymmetries with
respect to the fourth family parameters.
• Comparing to the other physical quantities, the double lepton polarization asymmetries are
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FIG. 17. The same as FIG. 16 but for τ .
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FIG. 18. The same as FIG. 12 but for PNN .
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FIG. 19. The same as FIG. 18 but for τ .
more sensitive to the mass of the fourth generation quark at lower values of mt′ . This
sensitivity is large in HQET compared to the full QCD such that starting from the mt′ ≃
200 GeV , we see sizable deviations of the SM4 results with those of the SM in HQET
approaximation. However, in the full theory the discrepancy between the SM and SM4 results
starts approaximately from mt′ ≃ 300 GeV and small compared to the HQET predictions.
• When we consider only the central values of the form factors, except than the PLN and
PNT , the remaining double lepton polarization asymmetries grow increasing the mt′ and
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FIG. 20. The same as FIG. 12 but for PTT .
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FIG. 21. The same as FIG. 20 but for τ .
value of the rsb. For PLN (PNT ), the maximum deviation belongs to the rsb = 0.015 and
mt′ ≃ 450GeV (rsb = 0.010 and upper bound of the mt′).
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IV. CONCLUSION
We have performed a comprehensive analysis on the Λb → Λℓ+ℓ− transition both in the SM4
and SM models. In particular, using the form factors entering the low energy matrix elements
both from full QCD as well as HQET, we have investigated the branching ratio, forward-backward
asymmetry, double lepton polarization asymmetries and polarization of the Λ baryon. We have
observed that there are overall sizable differences between the predictions of the SM and SM4 on
the considered physical quantities when mt′ ≥ 400 GeV . This can be considered as an indication
of the existence of the fourth family quarks should we search for in the future experiments. The
results also depicted overall considerable differences between the predictions of the full QCD and
those of the HQET. The orders of the branching ratios in both lepton channels show that these
decay channels can be detected at LHCb. Any measurement on the considered physical quantities
and their comparison with the theoretical predictions can give valuable information about both
nature of the participating baryons and existence of the fourth family quarks.
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